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Abstract
During the summer, high inlet temperatures affect the power output of gas turbine
systems. Evaporative coolers have gained popularity as an inlet cooling method for these
systems. Wet compression has been one of the common evaporative cooling methods
implemented to increase power output of gas turbine systems due to its simple installation and
low cost. This process involves injection of water droplets into the continuous phase of
compressor to reduce the temperature of the flow entering the compressor and in turn increase
the power output of the whole gas turbine system. This study focused on a single stage rotorstator compressor model with varying inlet temperature between 300K and 320K, as well as
relative humidity between 0% and 100%. The simulations are carried out using the commercial
CFD tool ANSYS: FLUENT. The study modeled the interaction between the two phases
including mass and heat transfer, given different inlet relative humidity (RH) and temperature
conditions. The Reynolds Averaged Navier-Stokes (RANS) equations with k-epsilon turbulence
model were applied as well as the droplet coalescence and droplet breakup model considered in
the simulation. Sliding mesh theory was implemented to simulate the compressor movement in
2-D. The interaction between the blade and droplets were modeled to address all possible
interactions; which include: stick spread, splash, or rebound and compared to an interaction of
only reflect. The goal of this study is to quantify the relation between RH, inlet temperature,
overall heat transfer coefficient, and the heat transferred from the droplets to the blades surface.
The result of this study lead to further proof that wet compression yields higher pressure ratios
and lower temperatures in the domain under all of the cases. Additionally, droplet-wall
interaction has an interesting effect on the heat transfer coefficient at the compressor blades.
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Chapter 1: Introduction
A variety of power systems are used worldwide to provide power; one of these is the gas
Turbine (GT) system. A gas turbine system generated power by compressing ambient air to a
high pressure, then adding heat to it in a combustion chamber and sent into a turbine where
useful work is generated. As with any other machine, a GT system has ideal operating
conditions. These ideal, or often referred as optimal conditions, are conditions at which the
system will work at its highest efficiency and generate the highest power possible. Some
properties and that can cause an effect in the efficiency of a GT system and cannot be easily
controlled, including ambient temperature and ambient relative humidity (RH).
It is known that increasing the temperature at the inlet of a gas turbine system will cause
a series of issues with a GT system. Initially a decrease in the density of fluid due to elevated
temperatures is experienced; which reduces power output of the system. In past years, to
counteract this effect; a variety of cooling methods have been implemented in GT systems.
Methods used for cooling the ambient air include evaporative coolers and chillers. These
are installed at some distance prior to reaching the compressor. Evaporative coolers use droplets
to help lower the ambient inlet air temperature through their evaporation. Chillers use the
refrigerant cycle to cool the inlet air, typically with vapor or refrigerant. Essentially pipes with
cooler fluid flows normal to the flow direction and will cool the ambient air as it comes in
contact with the cooler pipes.
Evaporative cooling methods such as fogging and wet compression have been
implemented into systems to reduce the inlet temperature at the compressor [1]. Fog cooling is
the process of cooling the inlet of the compressor with evaporation of atomized water in which
the continuous phase is cooled until it reaches a 100% relative humidity [1]. Similarly, wet
1

compression is the process in which atomized water is directly injected into the continuous flow
[1]. However, more water is injected in the domain than required to reach 100% relative
humidity, this cooling method is often referred to overspray [1]. Other methods have been
implemented into GT systems; however, due to low costs and easy installation evaporative
coolers are favored [1].
Previous researchers [1-6] have investigated the effects that droplets have on the
compression process. Wang and Khan have did extensive research with wet compression and
inlet fogging. In [1] the thermodynamic parameters were established to more closely predict the
effects of wet compression and fogging. Tomita [2] investigated the relationship between the
small changed in relative humidity and found that pressure ratio in increased as well as reduced
the stagnation temperature. With Tomita and research done by with [1, 4, 7], power generated by
the GT system will increase after the implementation of evaporative cooling.
In those numerical investigations, the blades and droplets have only contained one
interaction; stick, film generation, or rebound. However, the transient feature of droplet motion
on the blade has not been studied in stick or rebound interaction. The expansion of a droplet after
impinging on the blade may have an important effect on mass exchange between droplets and
continuous phase air as well as the blade temperature.
In this study, wet compression will be further studied using high fidelity computational
fluid dynamics (CFD) software: ANSYS (FLUENT). Initially uniform droplet size is assumed
neat the inlet. Inlet temperature is varied and mole fraction of water is presumed at the inlet
condition to satisfy the relative humidity (RH) value. A variety of RH were assumed, ranging
from 0% to 100%; inlet temperature conditions were varied between 300K and 320K. These
simulations will aid in the analysis and investigation of the relationship between RH, inlet
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temperature, pressure ratio (P.R) and heat transfer coefficient (HTC) and the overall heat transfer
coefficient (OHTC) of the domain.
The three main objectives for this study are as follows:
1. To generate a two dimensional domain that will generate feasible results for a
single stage compressor.
2. To evaluate the effects that wet compression has at different relative humidity
and inlet temperature.
3. To compare the effects that wall – droplet interaction has on the overall heat
transfer coefficient.
With these three objectives HTC will be evaluated for the rotor and stator blades and the
HTC between the droplets and continuous phase, as well as the OHTC of the domain. In the
following sections, additional background information on the GT system, on inlet cooling
methods and the thermodynamic properties will be covered in detail. Numerical methods will be
discussed as well as boundary conditions applied to the model. The results will include the
contours of pressure, temperature, relative humidity, and entropy and plots were generated to see
the effects that relative humidity has on the other properties. HTC and OHTC values were
calculated and compared between the different generated cases.
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Chapter 2: Literature Review
The following sections will go into detail on the thermodynamics behind the gas turbine
(GT) system and the importance of the compressor and the impact operating conditions have on
the system. Additionally, detailed explanations of different methods which have been used to
lower the temperature at the compressor inlet will be discussed and compared.
2.1

Thermodynamics
A thermodynamic cycle is a process which utilizes a fluid to transform energy stored in

the fluid into a useful energy. A gas turbine cycle is composed of four main components:
compressor, combustor, turbine and a generator. As seen in Figure 2.1 air at ambient conditions
flows into the compressor, depicted by point 1, in which the air is compressed in to a high
pressure and, ideally, no heat is added. Next the compressed air is send into the combustor, point
2 in Figure 2.1, where air is mixed with fuel and burned at a high temperature. Then the high
temperature, high pressure fluid exits the combustor and enters the turbine, depicted in Figure
2.1 labeled as point 3. In the turbine the hot fluid produces work. The useful work produced by
the system is the difference between the work produced by the turbine and the work consumed
by the compressor. Usually the amount of work consumed by the compressor is more than 50%
of the work produced by the turbine [7].

4

Figure 2.1: Gas turbine system components and fluid flow [7]
2.1.1 Brayton Cycle
The Brayton cycle is the thermodynamic cycle in which the GT turbine operates. In
Figure 2.2 are the Pressure-specific volume (P-v) and Temperature-entropy (T-s) diagrams for
the cycle. The process described above is depicted in the P-v and T-s diagrams; Figure 2.2. From
point 1-2 there is a pressure increase and temperature increase due to the compression process
[7]. The connection between points 2-3 depicts the heat addition process experienced in the
combustor at a constant pressure [7]. The path from point 3-4 describes pressure drop to that of
the inlet and temperature decrease experienced within the turbine [7]. The diagrams themselves
depict a “closed cycle” in which the fluid leaving the turbine is cooled and send back into the
compressor [7]. However, in reality the cycle is an “open” system, where the fluid leaving the
turbine is not directly send back to the compressor; instead the atmosphere does the actual
cooling and provides cool air to the compressor [7].

5

Figure 2.2 - P-v and T-s diagrams from [7]
2.1.2 Performance characteristics
Common characteristics that evaluate the performance of a GT system include but are not
limited to pressure ratio, firing temperature specific output, and thermal efficiency. Firing
temperature is the hottest temperature obtained in the system. GE defined the firing temperature
as the ‘mass-flow mean total temperature’ in the first stage of trailing side of the nozzle [7]. A
stage is one rotor/stator pair; the amount of stages in a compressor varies with the compressor
used in the GT system.
A series of equations, described below can be used to calculate the thermal efficiency,
work generated, work consumed, pressure ratio, and work net of the GT system. It is required to
quantify the amount of heat transferred to the working fluid in the system. This can be evaluated
by enthalpy or change in temperature as seen in the formula below. The variable 𝑞𝑖𝑛 quantifies
the heat transferred into the GT system through the combustor and 𝑞𝑜𝑢𝑡 quantifies the heat that is
leaving the system between the inlet of the compressor and the outlet of the turbine, no losses are
made, i.e. ideal Brayton cycle [8].
𝑞𝑖𝑛 = ℎ3 − ℎ2 = 𝐶𝑝 (𝑇3 − 𝑇2 )
6

(1)

𝑞𝑜𝑢𝑡 = ℎ4 − ℎ1 = 𝐶𝑝 (𝑇4 − 𝑇1 )

(2)

In GT system we find components that produce and consume work, it is important to
verify that the system as a whole will produce more work that what is consumes, essentially a
positive work net; as seen in the following equation [8].
𝑊𝑛𝑒𝑡 = 𝑊𝑜𝑢𝑡 − 𝑊𝑖𝑛

(3)

Work In and Work out of a GT system can be also computed by the change in entropy in
an ideal Brayton cycle [8].
𝑊𝑜𝑢𝑡 = ℎ2 − ℎ1

(4)

𝑊𝑖𝑛 = ℎ3 − ℎ4

(5)

Pressure ratio is the ratio of pressures that are entering and leaving the compressor, P2
being the pressure that leaves the compressor and 𝑃1 being the pressure at which the fluid enters
the compressor [8].
𝑃. 𝑅. = 𝑟𝑝 =

𝑃2

(6)

𝑃1

Thermal efficiency is another parameter that can be used in a system to quantify how
well a GT system works converting thermal energy into work [8]. It is expressed by evaluating
the ratio of net-work obtained to the total heat input, also this can be written in terms of pressure
ratio and specific heat ratio (k) for the Brayton Cycle [8].
𝜂𝑡ℎ =

𝑊𝑛𝑒𝑡
𝑄𝑖𝑛

= 1−

1
(𝑘−1)⁄
𝑘
𝑟𝑝

(7)

Figure 2.3 shows the effects that pressure ratio and firing temperature has on the specific
output and thermal efficiency in a simple GT cycle. With an increase in pressure ratio, thermal
efficiency sees an increase and small variation in the specific output. Also seen in Figure 2.3, it is
visible that an increase in firing temperature has a positive effect in specific output.
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Figure 2.3 Thermal efficiency versus Specific output [7]
Factors that affect the GT system
Every gas turbine system is created with ideal operating conditions; operating a system at
any other operating conditions will affect efficiency, power output and possibly life of a system
component. According to [1, 7], factors that affect the performance of a GT system include air
temperature, site elevation, humidity, inlet and exhaust losses, fuels, and fuel heating.
Ambient Temperature
The gas turbine system utilizes ambient air directly into the ambient air, any changes in
mass flow rate and/or density will modify the inlet properties of the compressor. In Figure 2.4
the P-v and T- s diagrams show the effects that a higher inlet temperate has on the GT cycle.
The Figure 2.4 has two graphs which depict two system diagrams with different operating
conditions; one with ideal operating conditions and the other is a system with elevated inlet
temperature. In both graphs (A and B) the system with ideal operating conditions is represented
8

by the path that intersects points 1-2-3-4. The path enclosed by points 1'-2'-3-4 represents a
system with elevated inlet temperature.
Figure 2.4 shows the effects that temperature has on pressure and specific volume.
Required compressor work can be represented by the area that is enclosed by a-1-2-b. It is easily
seen that the area enclosed by 1'-2'-3-4 (higher inlet temperature) is larger than that enclosed by
1-2-3-4 (ideal inlet temperature). This means that the compressor of a GT system running at
higher inlet temperatures will require a larger amount power to compress the hotter air to the
same pressure. This increase in power required will decrease the specific power output of the
system [1].
(a)

(b)

Figure 2.4: Thermodynamic Properties: (a) P-v and (b) T-s [1]

The graph on the right, Figure 2.4 (b), depicts how change in inlet temperature affects
entropy. Previously on this paper, it was explained that from point 2-3 serves as a representation
of the amount of useful energy generated by the system. From Figure 2.4 (b) it is clearly visible
9

that the system running at ideal conditions (1-2-3-4) will produce more useful energy in the
combustion chamber that the system at elevated inlet temperature [1].
Figure 2.5 shows the influence that ambient temperature has on exhaust flow, heat
consumption, output, and heat rate. The figure depicts the effects caused to a single shaft
MS7001 system. It is visible that the system as a whole will work at 100 percent at ISO
conditions; when the temperature is increased, power output and heat consumption in the
combustion chamber is decreased [7].

Figure 2.5: Effects of Ambient temperature on GT system [7]
Humidity
Humidity of the ambient air also has an effect on the GT performance. Humid air is less
dense than dry air which also affects the heat rate and the power output of a system. This can be
seen in Figure 2.6 where a correction factor is generated while varying specific humidity. As the
specific humidity moves away from the ISO specific humidity the power output is reduced.
10

Figure 2.6: Humidity and its effects on heat rate and power output [7]
Pressure losses
Pressure losses in a GT system can be caused by inserting air filtration, silencing, and
evaporative coolers/chillers. The magnitudes of the losses vary with the design. One example of
these losses for the MS7001EA system can be seen in the Figure 2.7 below.
Table 2.1: Effects of Pressure drop in the in MS7001EA system [7]
4 Inches (10 mbar) H2O Inlet Drop
Produces:
1.42% Power Output Loss
0.45% Heat Rate Increase
1.9 °F (1.1 °C) Exhaust Temperature
Increase

4 Inches (10mbar) H2O Exhaust Drop
Produces:
0.42% Power Output Loss
0.42% Heat rate Increase
1.9 °F (1.1 °C) Exhaust Temperature
Increase

Fuels
When addressing fuel and its effects on the GT system, usually affects the turbine
generated by the turbine. The work of the turbine, as previously described depends on the mass
flow rate, the temperature difference between the inlet and outlet of the turbine and the heat

11

energy in the combusted gas (Cp). An example given by [7] is that methane will produce a
greater 2% output than distillate oil, due to the specific heat properties.
On Figure 2.7 Some of the effects of evaporative cooling have on the GT system.
Increase in relative humidity will decrease the increase in percent output.

Figure 2.7: Effect evaporative cooling on output and heat rate [7]
Fouling
Fouling in the compressor has also been attributed to reduced pressure ratio, air flow, and
efficiency [9]. Two methods highly used methods to counteract fouling are offline and online
washing. Online washing is one while the system is still on; which will maintain the compressor
clean and will extend the time between offline washing [9]. Offline washing is done while the
machine is shut down and cleaned extensively [9].

12

2.2

Possible Solutions to Hot Weather
The problem that will be addressed in this study will be limited to elevated temperature at

the inlet of the compressor. There exist different methods with have been applied in industry in
an attempt to cool the air coming through the inlet of the compressor, including evaporative
coolers, wet compression, interstage cooling and chillers. In this chapter the cooling methods
will be further explained and discussed.
2.2.1 Evaporative Coolers
Evaporative coolers are the most popular inlet cooling methods for GT systems. There
are two popular types of evaporative coolers, media type evaporators and fogging evaporative
coolers. These methods reduce the inlet temperature, by evaporation, of the ambient air [9].
Media Type Evaporative Coolers
Media type evaporative cooling method is set up so that water cascades over a wetted
honeycomb media; as air passes through the media it is cooled [9]. This method can cool the
ambient air a few degrees within the wet-bulb temperature [9]. Media type evaporative coolers
use wetted media in which the water drips in the cross flow direction through the ambient air
inlet [10]. In inlet fogging cooling systems hydraulic nozzles atomize water right into the
ambient air inlet for speedy evaporation [10].
Fogging Evaporative Coolers
Another method utilized is the fogging method, the air flowing in the GT inlet is
saturated by injecting very small droplets of water into the inlet air stream. As the water droplets
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evaporate the air can reach and is limited by the wet-bulb temperature, which makes this method
more effective than wetted material [9].
Evaporative cooling can be described using psychrometric chart in Figure 2.8; the point
labeled ambient design represents the point in which the system operates. The point labeled LAT
is the conditions after evaporative cooling occurs, in which relative humidity is increased as well
as dry bulb temperature but maintains a constant wet-bulb temperature [10]. Wet bulb
temperature is the theoretical temperature in which a certain amount of air will reach when
adiabatically cooled to saturation [10]. Typical effectiveness rates are approximately 85%; this
value is the difference between prevailing dry-bulb and wet-bulb temperatures [10]. Higher
effective rates are achieved with overspray, where droplet evaporation continues into the
compressor [10].

Figure 2.8: Psychrometric chart - Evaporative cooling [10]
14

Wet Compression
Wet compression is a type of inlet fogging cooling. To differentiate fogging and wet
compression we simply observe the state of the droplets when they enter the compression
process. If overspray is present, then the process is considered wet compression. Overspray
occurs when more water is added to the air than needed for saturated conditions. When droplets
enter the compressor, this is often referred to wet compression, due to the droplets present in the
compressive stage.
Interstage Cooling
Interstage cooling is similar to wet compression. During interstage cooling droplets are
injected within the compression process. The water is injected between compression stages
which will allow for the fluid to further cool as the compression continues. Some disadvantages
to this system are as follows. Due to the injection of new droplets, the temperature is lowered
within the compressor which will also cause a pressure drop within the compressor [1]. This
problem is explained in more detailed in a later section.
Chillers
Chillers are another method that can be considered to cool air coming into the GT system.
These systems, whether they be mechanical (electrical) chillers or absorption chillers can achieve
lower temperatures than evaporative coolers [9]. Not only can chillers achieve low temperatures
but can be maintained at low temperatures independently of the wet-bulb temperature [9]. Inlet
chilling systems are commonly implemented as mechanical vapor compression refrigeration
systems, which are considered more reliable and popular [10]. The refrigeration cycle is used to
cool water/refrigerant which will be used to cool the GT inlet air through finned tube heat
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exchangers [10]. Figure 2.9 how the properties, available in the psychrometric chart, are changed
from the elevated temperature conditions (LAT) to the ambient design conditions using chiller.

Figure 2.9: Psychrometric chart - Chilling method [10]
Cooling System Comparison
Different processes can be implemented at the inlet of the GT system to reduce the inlet
temperature including: fog cooling, humid compression, wet compression with overspray. In
Figure 2.10 we can see how the effects of different cooling processes implemented into the inlet
and the effects on the compression stage when looking at pressure and specific volume.
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Figure 2.10: P-v diagram – Cooling Method comparison [1]
The path that enclosed by points 1 to 2 depicts the compression behavior during ideal
conditions. The path that is enclosed by points 1' and 2' represents compression with the hot inlet
conditions. The path that includes points 1'-1"-2" represents humid compression. Where the air
reaches saturation point from droplets/mist injected prior to reaching the compressor, point 1'-1".
After this the compression process occurs at a cooler temperature, 1"-2". The third path depicted
in this graph is for wet compression with overspray; path1'-1"-2". Where from 1'-1" droplets
evaporate to saturation point, however not all droplets evaporate. With the entrance of some
droplets into the compressor the path will vary (not parallel to the other paths); path 1"-2". This
variation in the compression is due to the polytropic index (k) of the compression work from the
isentropic process; as expressed below [1].
𝑃𝑣 𝑘 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡

(8)

Where k is the specific heat ratio.
When addressing wet compression, many misconceptions are used to explain the process.
For example, one common misconception is that with inlet fogging/wet compression processes
implemented into a GT system will readily increase the density in the compressor; this statement
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in part is true. To further explain this phenomenon, Wang uses data previously obtained by
Wang and Khan [11] for illustrative purposes.
As explained by Wang, the greatest density increase is seen when no droplets are present
in the compressor but the air being completely saturated, labeled in the graph as saturated [1].
However, when droplets are present in the compressor during the compression process, density
remains relatively constant and even slightly decreases, seen in the graphs as Overspray and OS
+ Interstage [1]. Also seen in Figure 2.11, overspray does not necessarily increase density in the
compressor. With the overspray case density does not increase above the density trend seen in
hot inlet conditions until after the sixth compression stage. When using overspray with interstage
injections the increased density will not dominate the density increase achieved under hot inlet
conditions until after the seventh stage. However, density does not increase above increase
achieved by the overspray curve after the eighth compression stage. Furthermore this
misconception that density will always increase with inlet fogging/wet compression is only true
for saturated fogging but not necessarily true with overspray.

FIGURE 2.11: Density versus Compression Stage [11]
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Reduction in compressor power consumption when fogging or overspray is implemented
is another misconception often associated with the cooling processes. As explained by Wang,
Typical Analysis as done by Jolly [12] is generated with a few flaws.
Assuming adiabatic conditions in the system, compressor specific work can be expressed as:
𝑤𝑐 = ℎ2 − ℎ1 ≈ 𝐶𝑝𝑎 (𝑇2 − 𝑇1 )

(9)

In typical analysis, as one by Jolly [12] compressor specific work in is reduced because
temperature leaving the compressor will be lower after the implementing the cooling methods.
However, it is no taken into account that there is also a reduction in temperature at the inlet (T 1),
thus the equation should be modified to include the isentropic process, as suggested by Wang
[1].
𝑤𝑐 = 𝐶𝑝 𝑇1 [(𝑝2 ⁄𝑝1 )(𝑘−1)⁄𝑘 − 1]

(10)

Also, for the analysis done by Jolly, only air is considered during the compression rather
than implementing humid air. To include this implementation, the equation a needs to include the
enthalpy change of humid air as well as the heat exchange from the droplet and the humid air is
also included [1]. This can be expressed by equation (11)
𝑊𝑐 = (ℎ2 − ℎ1 )ℎ𝑢𝑚𝑖𝑑 𝑎𝑖𝑟 − 𝑞𝑖𝑛 + 𝑞𝑜𝑢𝑡

(11)

The previous equation can be further broken down, as done by Wang, to take into
account the droplet being heated, evaporation of the droplet the air and liquid is cooled by
supplying evaporation energy (latent heat) and the vapor from the droplet is transported away
from the droplet [1].

𝑊𝑐 = (ℎ𝑎2 − ℎ𝑎1 ) + 𝑣(ℎ𝑣2 − ℎ𝑣1 ) − ∆𝑓(ℎ2 − ℎ𝑠𝑎𝑡 ) − ∆𝑓ℎ𝑓𝑔
≈ 𝐶𝑝𝑎 (𝑇2 − 𝑇1 ) + 𝑣𝐶𝑝𝑎 (𝑇2 − 𝑇1 )∆𝑓𝐶𝑝𝑣 (𝑇2 − 𝑇𝑠𝑎𝑡 ) − ∆𝑓ℎ𝑓𝑔
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(12)

In which ∆𝑓 is the change in liquid water fraction caused by evaporation of the droplet
and v is the volume fraction of vapor present. The first and second term on the right hand side
are the increase in the sensible heat term for the dry air and the water vapor [mod]. The third
term is for the sensible heat to the newly evaporated water [1]. The last term is added to take into
account the energy extracted from the humid air to supply evaporation heat [1].
Another misconception about inlet cooling methods is that compression ratio will be increase
with their use. Wang analyzes some previous work done by [11] and comes to the conclusion
that pressure ratio always increases with fogging conditions; however, when overspray is
present, an increase in work will be experienced [1]. Also interstage spray will increase the total
compressive power, because the drop of temperature, a drop in pressure is caused which will
require some type of recompression of the fluid.

FIGURE 2.12: Thermal efficiency versus Relative humidity/Overspray [1]
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Further analysis done by Wang, came to the conclusion that fogging and overspray will
not significantly affect the thermal efficiency of the system. From Figure 2.12 it is apparent that
at different inlet conditions the amount of overspray present does not greatly influence the
thermal efficiency.
Concern on whether droplets will survive the compressive stage and enter the combustion
chamber has been expressed. Evaporation rate of droplets is dependent on many factors
including: inlet temperature, amount of time droplets are exposed to the ambient air prior to
entering the compressor, droplet size, pressure ratio, number of stages, droplet temperature to
name several. In a study conducted by Wang, where the droplet diameters are monitored after
each stage, it was found that droplets ranging between 10 µm – 20 µm will completely evaporate
prior to six compression stages [1]. For droplets that are 30 µm, complete evaporation does not
occur after 8 compression stages [1]. This study further establishes that smaller droplets are
better for fogging/overspray as the surface area in increased which also increases evaporation
rate, Figure 2.13 [1].

Figure 2.13: Droplet evaporation within compressor [1]
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Wang also created a study in which a single stage, single pitch compressor is investigated
with overspray conditions [4]. Form his study, it was found that the under overspray the
compressor temperature exit temperature was decreased by 1 degree Kelvin, pressure ratio is
increased from 1.055 to 1.058 [4]. Also it is found that even though air is not saturated at exit
because the thermal response time of the droplets was longer than the time they are present in the
domain [4].
Studies like the one done by dos Santos have concluded that evaporative chillers have a
lower power output at higher temperatures that the power output generated by the absorption
chiller [13]. With evaporative coolers the change in temperature is limited by the wet bulb
temperature of air, which causes the decrease in power output as temperature increases, as seen
in Figure 2.14, below [13].

Figure 2.14: Power output versus inlet temperature [13]
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Even though chillers are considered to be more reliable and effective, these systems can
be lead to have higher operating costs than evaporative coolers [9]. Due to its configuration, the
setup creates a non-homogenous inlet temperature [10]. With the chilling systems, the amount of
contact time in which the air and the finned tubes are in contact may not be sufficient for the air
to reach a uniform temperature at the compressor inlet [10]. Additionally, chillers may be prone
to have refrigerant leaks [10]. Refrigerant leaks that may reach the air flowing into the
compressor, and inevitably reach the combustion chamber will cause the refrigerant to reach high
temperatures in which can produce and release harmful substances into the ambient [10].
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Chapter 3: Numerical Model
This chapter will cover theory of the models utilized to create the simulation. This
chapter will discuss the geometrical domain, governing equations. Additionally, the chapter will
cover turbulence models, heat transfer, and details on the discrete phase (water droplets). Further
in this chapter boundary conditions applied to the model, numerical methods and mesh
independence will be looked at.
3.1

GEOMETRICAL DOMAIN
The domain was generated in two dimensions and contains three zones: inlet, rotor, and

stator zones; as depicted in Figure 3.1.The model is a simplification of a cylindrical rotor stator
configuration in a compressor. Due to its repeatable geometry, it is possible to only model one
pitch of a compressor. Also this model only concentrates in the first stage of the compressor,
where droplets are most likely to be present. The model measures 243 mm in length and 42mm
in height.

Figure 3.1: Computational Domain Schematic
24

This configuration allows for simulating movement of the rotor section between the inlet and
stator zones through sliding mesh theory. The geometries of the rotor and stator blades were
obtained from Hsu and Wo [14]. The blades have a chord length of 60 mm, pitch of 42 mm, and
a distance of 6 mm between blades, as positioned by Khan and Wang [4]. Figure 3.2 contains
detailed labels on the sections of the domain that will be simulated, terms will be used
throughout the paper. The term stage refers to the amount of pairs of rotor/stator blades the flow
will encounter. The term pitch refers to the amount of blades that are next to each other. In the
computational domain the rotor blade was split into two and placed on the top and bottom of the
rotor zone. The rotor will move in the positive y direction to replicate the rotation seen in the
compressor. Four droplet injection locations will be positioned on the left side of the inlet zone.
The initial injection site is 60 mm from the rotor zone. The boundaries along the rotational
direction will be assigned periodic boundary condition, giving periodicity to the model. A larger
domain with more blades may be seen further along this study, due to the periodic boundary
conditions the Fluent software has the capability to simply translate a duplicate of the simulated
domain above the original domain; simply to aid in visualization purposes.

Figure 3.2: Labeled rotor and stator blades
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3.2 GOVERNING EQUATIONS
In this model the 2-D Navier-Stokes equations are solved as well as the equations for
conservation of mass, momentum, and energy equations for compressible flow, detailed below
[15].
𝜕𝜌
𝜕𝑡
𝜕
𝜕𝑡
𝜕
𝜕𝑡

𝜕𝑦

+ 𝜕𝑥 (𝜌𝑢𝑖 ) = 𝑆𝑚
𝑖

𝜕
𝜕𝑃
𝜕
̅̅̅̅̅̅̅
(𝜌𝑢𝑗 ) + 𝜕𝑥 (𝜌𝑢𝑖 𝑢𝑗 ) = 𝜌𝑔
⃑⃑⃑𝑗 − 𝜕𝑥 + 𝜕𝑥 (𝜏𝑖𝑗 − 𝜌𝑢′
𝑖 𝑢′𝑗 ) + 𝐹𝑗
𝑖

𝑗

𝑑

(𝜌𝑐𝑝 𝑇) + 𝑑𝑥 (𝜌𝑐𝑝 𝑢𝑖 𝑇) =
𝑖

𝜕𝑦

𝑖

𝜕𝑇

(𝜆 𝜕𝑥 − 𝜌𝑐𝑝 ̅̅̅̅̅̅
𝑢′𝑖 𝑇′) + 𝜇𝛷 + 𝑆ℎ

𝜕𝑥𝑖

𝑖

(13)
(14)
(15)

Where 𝑆𝑚 , 𝐹𝑗 , 𝑆ℎ represent source terms and are included to quantify the contributions of
water vapor mass, droplet forces, and evaporation energy from the droplets into the system [5].
The term 𝜇𝛷 represents the viscous dissipation, work done by a fluid on adjacent layers due to
shear forces transformed into heat; 𝜆 is heat conductivity [15]. The term 𝜏𝑖𝑗 is the symmetric
stress tensor [15], defined as
𝜕𝑢

𝜕𝑢

𝜏𝑖𝑗 = 𝜇( 𝜕𝑥𝑗 + 𝜕𝑥 𝑖 −
𝑖

𝑗

2

𝜕𝑢𝑘
𝛿
)
3 𝑖𝑗 𝜕𝑥𝑘

(16)

Once water droplets enter the system, evaporation takes place and the water vapor diffuses
into the surrounding flow. The flow includes three components: water vapor (H2O), oxygen (O2)
and nitrogen (N2). The species transport equation is defined as
𝜕
𝜕𝑥𝑖

(𝜌𝑢𝑖 𝐶𝑗 ) =

𝜕
𝜕𝑥𝑖

(𝜌𝐷𝑗

𝜕𝐶𝑗
𝜕𝑥𝑖

̅̅̅̅̅̅̅
− 𝜌𝑢′
𝑖 𝐶′𝑗 ) + 𝑆𝑗

(17)

Where the mass fraction of the species j in the mixture is 𝐶𝑗 , 𝑆𝑗 is the source term for the j
̅̅̅̅̅̅̅
̅̅̅̅̅̅
species, and 𝐷𝑗 is the diffusion coefficient for j species [15]. The terms 𝜌𝑢′
𝑖 𝑢′𝑗 , 𝜌𝑐𝑝 𝑢′𝑖 𝑇′ and
̅̅̅̅̅̅̅
𝜌𝑢′
𝑖 𝐶′𝑗 are the Reynolds stresses, turbulent heat fluxes, and turbulent concentration (or mass)
fluxes for turbulent flow, respectively [15].
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3.3 Turbulence Model
Li and Wang compared the turbulence models available in the Fluent software; including
Standard k-epsilon, RNG k-epsilon, k-omega model, shear-stress transport (SST) k-w model [5].
The RNG k-epsilon model has an additional term which takes into account the rapidly strained
flows [5]. Also the effective viscosity takes into account the low Reynolds-number effect [5]. In
theory, RNG k-epsilon model is more accurate than Standard k-epsilon model [5]. For the komega model is based on the transport equations for turbulent kinetic energy (k) and specific
dissipation rate (omega) which can be defined as the ratio of k and epsilon and accounts for the
low-Reynolds-number effect [5]. The SST model is a combination of the k-epsilon model and
the k-omega model; near walls the model follows the k-omega model, otherwise the k-epsilon
model is implemented [5]. From this study, it was observed that the standard, RNG, and RMS kepsilon models yield the consistent results [5].
According to the FLUENT Manual, the RNG model is more susceptible to instabilities. Also the
RNG model requires about 15% more CPU time than the standard model [15]. Additionally, the
RMS model requires about 50-60% more CPU time when compared to the standard k-epsilon
model [15]. For the reasons above the standard k-epsilon model with enhanced wall treatment
was chosen for this study.
3.3.1 Standard k-epsilon
The standard k- ε model is based on the Boussinesq hypothesis [15] which relates the
Reynolds stresses to mean velocity, as depicted below
𝜕𝑢𝑖
𝜕𝑢𝑖
2
̅̅̅̅̅̅̅
−𝜌𝑢′
𝑖 𝑢′𝑗 = 𝜇𝑡 (𝜕𝑥 + 𝜕𝑥 ) − 3 𝜌𝑘𝛿𝑖𝑗
𝑗

𝑖

(18)

Where 𝑘 is the turbulent kinetic energy, 𝜇𝑡 is the turbulent viscosity defined as
𝜇𝑡 = 𝜌 𝐶𝜇 𝑘 2 ⁄𝜀
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(19)

The term 𝐶𝜇 is a constant and 𝜀 is the dissipation rate [15]. The equations for turbulent kinetic
energy (𝑘) and dissipation rate (ε) are as follows [15].
𝜕
𝜕𝑡
𝜕
𝜕𝑡

(𝜌𝑘) +

(𝜌𝜀) +

𝜕
𝜕𝑥𝑖

𝜕
𝜕𝑥𝑖

(𝜌𝑢𝑖 𝑘) =

(𝜌𝑢𝑖 𝜀) =

𝜕
𝜕𝑥𝑖

𝜕

𝜕𝑘

𝜕𝑥𝑖

[(𝜇 + 𝜎𝜇𝑡 ) 𝜕𝑥 ] + 𝐺𝑘 − 𝜌𝜀
𝑘

𝜕𝜀

(20)

𝑖

𝜀

[(𝜇 + 𝜎𝜇𝜀𝑡 ) 𝜕𝑥 ] + 𝐶1𝜀 𝐺𝑘 𝑘 − 𝐶2𝜀 𝜌
𝑖

𝜀2
𝑘

(21)

In which the term 𝐺𝑘 represents the generation of turbulent kinetic energy due to mean velocity
gradients and the terms 𝐶1𝜀 , 𝐶2𝜀 , 𝐶𝜇 , 𝜎𝑘 , and 𝜎𝜀 are constants used with the following values:
𝐶1𝜀 = 1.44; 𝐶2𝜀 = 1.92; 𝐶𝜇 = 0.09; 𝜎𝑘 = 1.0; 𝜎𝜀 =1.3 [15]. These constants have been obtained
using experimental data obtained by using air and water in a for different fundamental turbulent
flows including homogenous shear flows and decaying isotropic grid turbulence [15].
3.3.2 Enhanced wall function
The k-ε model is valid for high Reynolds number fully turbulent flow; additional
enhancements are applied to capture flow near wall interaction [15]. The domain is divided into
two regions, a viscosity- affected region and a fully turbulent region by defining the turbulent
Reynolds number 𝑅𝑒𝑦
𝑅𝑒𝑦 =

𝑦𝑘

1⁄
2

⁄𝜈

(22)

Where 𝑘 is the turbulent kinetic energy and 𝑦 is the normal distance from the wall at the cell
center, which is represents in Fluent as the distance closest to the wall [15].
If 𝑅𝑒𝑦 is greater than 200, the standard k-ε model is used. When 𝑅𝑒𝑦 is less than 200, the
Wolfstein model is employed [4]. The Wolfstein model is a numerical model in which if the
Reynolds number is low, then the fluid movement can be assumed to be one dimensional. This
will aid in the reduction of computational time in the calculation of two-dimensional flows [16].
The k-ε equations are maintained but the turbulent viscosity is calculated as follows
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𝜇𝑡,1 = 𝜌𝐶𝜇 𝑙𝜇 √𝑘

(23)

Where 𝑙𝜇 is the length [15].
Following that, the viscosities are blended with function θ to smooth the transition
𝜇𝑡,𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑑 = 𝜃𝜇𝑡 + (1 − 𝜃)𝜇𝑡,1

(24)

Where the turbulent viscosity (𝜇𝑡 ) is calculated by the k- ε model and the viscosity (𝜇𝑡,1 )
calculated by the Wolfstein model [15]. The blending function is defined in such a way that θ is
zero at the wall and one in the fully turbulent region [15].
The turbulent heat flux and mass flux are expressed as
𝜕𝑇
𝜇
𝜌𝑐𝑝 ̅̅̅̅̅̅
𝑢′𝑖 𝑇 ′ = −𝜆𝑡 𝜕𝑥 = −𝑐𝑝 𝑃𝑟𝑡

𝜕𝑦

(25)

𝑡 𝜕𝑥𝑖

𝑖

𝜕𝐶
𝜇𝑡
′
̅̅̅̅̅̅
𝜌𝑢′
𝑖 𝐶 = −𝜌𝐷𝑡 𝜕𝑥 = − 𝑆𝑐
𝑖

𝜕𝐶

(26)

𝑡 𝜕𝑥𝑖

In which 𝜆𝑡 is the turbulent heat conductivity and 𝐷𝑡 the turbulent diffusion coefficient [9]. The
turbulent Prandtl number (𝑃𝑟𝑡 ) is set to 0.85 and the turbulence Schmidt number (𝑆𝑐𝑡 ) is set to
0.7 [15].
3.4 DISPERSED-PHASE MODEL
The dispersed – phase, also referred to in this paper as the droplets/particle phase is an
important section of this study. Motion of droplets, coalescence, droplet breakup, and film
generations will be discussed in detail in this section.
3.4.1 Droplet Motion
Motion of the droplets can be predicted by integrating the force balance in the particle
[15]. The force balance equation is seen below.
𝑑𝑣𝑝
𝑑𝑡

= ∑ 𝐹 = 𝐹𝐷 (𝑣 − 𝑣𝑝 ) +
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𝑔𝑥 (𝜌𝑝 −𝜌)
𝜌𝑝

− 𝐹𝑥

(27)

Where 𝑣𝑝 is the droplet velocity vector, 𝐹𝑥 is an acceleration term (force per unit mass),
𝐹𝐷 (𝑢 − 𝑢𝑝 ) is the drag force [15].
There are forces that can be included into the equation of mass balance to simulate more
accurate predictions. These include gravitational force, Thermophoretic force, Brownian force,
and Saffman’s lift force. Since the analysis of this study is generated in two dimensions,
gravitational forces will be ignored. Thermophoretic force is when small particles are suspended
in a gas due to experiencing a temperature gradient will experience a force in the opposite
direction of that of the gradient. In no study previously mentioned in this paper mention this
phenomenon, this type of force does not apply to this particulate case. In fact, common examples
are described by the blackening of the glass globe in a kerosene lantern [17]. The theory is
usually applicable to unevenly heated boundaries; since the walls in our model will not be heated
additionally the force will be minimal in this study [17].
Brownian force affects sub-micron particles, it is described as the random motion
calculated in Fluent with the Gaussian numbers and is only intended to be used with nonturbulent flows [15]. Saffman’s lift force can be described as lift due to shear, which is
commonly experienced in submicron particles. In this study the droplets utilized will be larger in
size, discarding the inclusion of this force.
3.4.2 Droplet Coalescence.
Due to the amount of droplets that are injected and the turbulent nature of the case,
coalescence is likely to occur. The O’Rourke model was implemented for this study in which the
algorithm estimates the probability that droplets will collide [15]. In order to collide, both
droplets must be located in the same continuous-phase cell, which in many cases prevents
collisions even though droplets are very close together [15]. The two droplets are analyzed; the
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larger droplet is assigned the number 1 and used as a frame of reference, and the smaller droplet
is assigned the number 2 [15].
The algorithm used by O’Rourke does not calculate the distance between the droplets center,
rather the probability of the smaller droplet being within the collision volume. For this model the
distance between the droplets is important and if the smaller droplet is within the collision
volume then the collision will occur. The collision volume is defined below [15].
𝜋(𝑟1 + 𝑟2 )2 𝑣𝑟𝑒𝑙 ∆𝑡

(28)

This equation takes into account the radii of the droplets, the relative velocity of droplet two
with respect to droplet 1 and also the time step considered [15]. Then the probability that the
droplet will enter the collision volume is expressed as the following, where V is the complete
domain volume [15].
𝑃1 =

𝜋(𝑟1 +𝑟2 )2 𝑣𝑟𝑒𝑙 ∆𝑡
𝑉

(29)

This equation is generalized to include parcels, which represent a group of droplets in the
domain [15]. This can be established as the mean number of expected collisions [15].
𝑛̅ =

𝑛2 𝜋(𝑟1 +𝑟2 )2 𝑣𝑟𝑒𝑙 ∆𝑡
𝑉

(30)

According to O’Rourke, this is then inputted into Poisson distribution equation which
represent the probability distribution of the collisions, where n is the number of collisions
between a droplet and all others [15].
𝑃(𝑛) = 𝑒 −𝑛̅

𝑛̅𝑛
𝑛!

Once established that the droplets will collide, their collisional Weber number (𝑊𝑒𝑐 ) will
determine whether the droplets interaction with each other, coalesce or bounce [15].
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The collisional Weber number is expressed as
𝑊𝑒𝑐 =

2 ̅
𝜌𝑈𝑟𝑒𝑙
𝐷

(31)

𝜎

̅ is the arithmetic mean of the
Where 𝑈𝑟𝑒𝑙 is the relative velocity between the droplets and 𝐷
droplet diameters [15].
3.4.3 Droplet Breakup
The Taylor analogy breakup (TAB) model was applied to model break up of droplets. In
the TAB model, droplet breakup is compared to spring mass system as seen in the equation
below
𝑑2 𝑥

𝑑𝑥

𝐹𝑠𝑝 − 𝑘𝑠𝑝 𝑥 − 𝑑𝑠𝑝 𝑑𝑡 = 𝑚 𝑑𝑡 2

(32)

The values from the equation of a spring mass system are then related to the surface tension
forces, droplet drag force, and droplet viscosity forces shown below [15].
𝐹𝑠𝑝
𝑚

𝜌 𝑢2

~ 𝜌𝑎 𝑑 ;
𝑤

𝑘𝑠𝑝
𝑚

~

𝜎
𝜌𝑤

𝑑3

;

𝑑𝑠𝑝
𝑚

𝜇𝑤

~𝜌

𝑤𝑑

2

(22, 23, 24)

The degree of droplet distortion is quantified and if it meets the following condition,
𝑥 > 𝐶𝑏 𝑟

(33)

Where 𝑥 is the displacement of the droplet equator from its original position, 𝐶𝑏 is a constant 0.5
and 𝑟 is the radius of the droplet [15]. If this condition is met, the droplet will separate into child
drops [15].
3.4.4 Wall-Film Model
Wall-film model was applied to the blades in the domain in order to closely model
interaction between the droplets and blade surfaces. Depending on the impact energy at which
the droplet approaches the wall and the wall temperature, four possible scenarios may occur to
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the droplets: splash, stick, spread, or rebound [15]. Figure 3.3 show a simplified chart on how the
software decision process on the droplet reaction when it reaches the wall.
When droplet temperature is below boiling temperature and has a dimensionless energy
lower than 16, then the droplet will stick to the wall [15]. The critical amount of energy is
defined as 𝐸𝑐𝑟 = 57.7 [15]. When a droplet has an energy below critical, and with a temperature
below boiling, the droplet will spread; if the temperature is above boiling then the droplet will
rebound [15]. If any droplet reaches a wall with energy above critical, then the droplet will
splash regardless of wall temperature [15].

Figure 3.3: Simplified decision chart for droplet-wall interaction [15]
Impact energy of a droplet is defined by the following equation
𝐸2 =

𝜌𝑑 𝑉𝑟 2 𝐷
𝜎

1
)
⁄
𝐷,1)+
𝛿𝑏𝑙 ⁄𝐷
𝑜

(min(ℎ

(34)

where 𝜌𝑑 is the liquid density, 𝑉𝑟 is the relative velocity of the particle, 𝜎 is the surface tension of
the liquid, 𝐷 is the diameter of the droplet and 𝛿𝑏𝑙 is the boundary layer thickness [15].
Boundary layer thickness is defined by
𝛿𝑏𝑙 =

𝐷
√𝑅𝑒

In which the Reynolds number is calculated by using 𝑉𝑟 [15].
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(35)

3.3.5 Stochastic Tracking
Stochastic tracking is implemented in the model to track droplet motion through the
turbulent flow. Droplet velocity is predicted using the mean fluid phase flow and as well as the
instantaneous value of the gas flow velocity (𝑢̅ + 𝑢′) [15]. The Discrete random walk model is
applied which calculates the fluctuating velocities as follows
𝑢′ = 𝜁 √̅̅̅̅
𝑢′2

(36)

In which 𝜁 is a normally distributes random number and √̅̅̅̅
𝑢′2 is the local root mean square value
of the velocity fluctuations [15].
3.5 HEAT TRANSFER COEFFICIENT
Heat transfer within the domain is an area of interest in this study. For complete analysis
of the area of interest on the heat transfer can be subdivided into different sections. As done by
[18] the heat transfer was subdivided into the following processes: heat transfer between the
compressor blades to the droplets, heat transfer from the continuous flow and the droplets, and
the heat transferred from the continuous flow and the rotor and stator blades, and the heat
transferred between the droplets and the compressor blades. From the [18] study, only the
methodology was adapted for this study to calculate the OHTC, since several of the assumptions
made were not applicable for this study. The OHTC that will be calculated will be based on
results on steady state heat transfer.
The heat transfer coefficient can be calculated using energy balance as explained by [19].
Using the heat exchange between the droplets from the continuous phase, an estimated surface
area and the temperature of the droplet can be used to evaluate the heat transfer coefficient
between the droplet and the continuous phase [19].
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Chandra completed a study to analyze the effects on the droplet evaporation and how it
varies with contact angle [20]. In this study it was found that surfactants increase the contact area
between solid heated wall and the droplet. [20] This study will analyze if the film droplet-wall
interaction will create any significant change in the OHTC.
To evaluate the heat transferred to the blades from the continuous phase and the droplets
that come in contact with the blades, the wall function heat transfer coefficient (HTC) is
evaluated using the following equation [15].
1/4 1/2

ℎ𝑒𝑓𝑓 =

𝜌𝐶𝑝 𝐶𝜇 𝑘𝑝

(37)

𝑇∗

In which 𝐶𝑝 is the specific heat, 𝑘𝑝 is the turbulent kinetic energy at a point P, and 𝑇 ∗
defined below [15].
1

Pr 𝑦 ∗ + 2 𝜌𝑃𝑟
𝑇∗ =

1/4 1/2

𝐶𝜇 𝑘𝑝
𝑞̇

𝑈𝑃2

(𝑦 ∗ < 𝑦𝑇∗ )

1

𝑃𝑟𝑡 [𝑘 ln(𝐸𝑦 ∗ ) + 𝑃] +
1

{2 𝜌

1⁄4 1⁄2
𝑘𝑃

𝐶𝜇

𝑞̇

{𝑃𝑟𝑡 𝑈𝑃2 + (𝑃𝑟 − 𝑃𝑟𝑡 )𝑈𝑐2 }

(𝑦 ∗ > 𝑦𝑇∗ )
(38)

Where 𝑇𝑤 is the temperature at the blade wall, 𝑘𝑝 is the turbulent kinetic energy at point P, Pr is
the molecular Prandtl number (𝜇𝐶𝑝 ⁄𝑘𝑓 ), 𝑃𝑟𝑡 is the turbulent Prandtl number (which is equal to
0.85 at the wall), 𝑞̇ is the wall heat flux, 𝑈𝑐 is the mean velocity magnitude when the thermal
boundary layer is equal to the turbulent boundary layer [15].
The point of interest, P, in which the temperature will be taken is defined by the
following equation in the Fluent Manual, which is a function of Pr and Prt [15].
𝑃𝑟

3⁄
4

𝑃 = 9.24 [(𝑃𝑟 )
𝑡

− 1] [1 + 0.28𝑒
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−0.007 𝑃𝑟⁄
𝑃𝑟𝑡 ]

(39)

Prandtl number is defined as the ratio of momentum diffusivity and thermal diffusivity and can
be calculated using dynamic viscosity, specific heat, and thermal conductivity, as seen in the
equation below [15].
Pr =

𝜇 𝐶𝑝

(40)

𝑘

More details with regards to the wall function heat transfer coefficient can be found in [15].
To extract the het exchange between the droplets and the continuous phase, the total heat
transfer rate is calculated. This value is the source of the enthalpy change within the system. The
value is extracted, and then it can be inputted into the following equation to extract the HTC for
this interaction.
𝑞̇

𝑑
ℎ𝑑 = (∆𝑇)𝐴

𝑠

(41)

Where ∆𝑇 is the difference in temperature, 𝐴𝑠 is the combined surface area of the
droplets, and ℎ𝑑 is the heat transfer rate between the droplets and the continuous phase.
Once these values for ℎ𝑑 andℎ𝑒𝑓𝑓 are obtained, the OHTC can be extracted using the
equation following equation
ℎ𝑡𝑜𝑡 =
Where

1
ℎ𝑒𝑓𝑓 _𝑅

and

1
ℎ𝑒𝑓𝑓_𝑆

1
1
1
1
+
+
ℎ𝑑 ℎ𝑒𝑓𝑓_𝑆 ℎ𝑒𝑓𝑓_𝑆

(42)

denotes the HTC for the rotor and stator blades, respectively. The

parameter ℎ𝑡𝑜𝑡 will serve as a parameter to be able to compare how effective wet compression is
at different inlet conditions.
3.6 Simulation Specifics
This study will generate different ambient scenarios to record the changes in the domain.
The simulations will vary with inlet temperature, relative humidity, droplets presence, and wall-
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droplet interaction. The following section go into detain of the different cases that were
generated and the boundary conditions that will be applied to the model.
3.6.1 Cases Generated
For this study, different combinations of inlet conditions were changed including inlet
temperature, inlet relative humidity, as well as the droplet wall interaction. Relative humidity
was varied between 0% and 100% and inlet temperature was either 300K or 320K. The baseline
cases are those that only have the continuous phase and no droplets. Twelve baseline cases were
run until the solution was stabilized. This occurs approximately after 0.012 seconds. At this time
droplets begin to enter the domain. Cases that include droplets will be referred to as the
overspray cases. For the overspray cases, the droplet-wall interaction were varied between reflect
and wall-film generated. The cases created are shown in Table ##, which shows the variation in
the inlet temperature, relative humidity, and droplet wall interaction. Due to limitations in
computational power, only one case was generated with droplet-wall interaction of film and are
compared to the reflect droplet-wall interaction further along.

Table 3.1: Simulation Case Matrix
Droplet?
300
Inlet
Temperature
320

No
Yes
Yes
No
Yes
Yes

Drop-wall
interaction
N/A
Reflect
Film
N/A
Reflect
Film

0
X
X
X
X
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Inlet Relative Humidity
20
40
60
80
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

100
X
X
X
X

3.6.2 Boundary Conditions
Continuous phase
Boundary conditions were obtained from Khan and Wang [4] for model validation purposes.
For the inlet boundary condition a constant mass flow rate of 2.9kg/s at a temperature range of
300-320K and the turbulent intensity was assigned to be 1%. Additionally, the continuous flow
was specified to vary relative humidity between 0-100% at the inlet. Inlet total pressure is to be
maintained at 101325 Pa to simulate an inlet at ambient. The walls in the domain have a no slip
condition and are adiabatic.
The outlet was assigned as a pressure outlet and included a target mass flow rate. No values
were assigned to these properties, so as the calculation was done throughout the domain by the
software including the density change. Any backflow is assigned to have a temperate of 310K.
Two categories of cases were generated, one in which there are no droplets injected (base case)
and another where injections are made (overspray case).
Dispersed phase
For the overspray case droplets were injected at a temperature of 294.2 K in four different
locations equally apart from the next. Each droplet had an initial velocity of 5 m/s and a diameter
of 0.01 mm and the mass flow rate ratio between droplets and the continuous phase is 1%, giving
a mass flow rate of 0.029 kg/s for the discrete phase. The discrete phase model (DPM) boundary
condition for the rotor and stator blades was set to wall-film.
In order to simulate the a compressor with 3600 RPM moving rotor, the inlet and stator/outlet
zones are kept stationary, while the rotor zone is assigned a translational velocity of 94.72 m/s in
the +y direction.
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3.7 NUMERICAL METHOD
The software used was Fluent (Version 13) from ANSYS, Inc. The simulation used a
pressure-based segregated algorithm in which the individual governing equations are solved
sequentially and are decoupled from each other. [15] The pressure and velocity was coupled
using the SIMPLE algorithm. All of the spatial discretization terms were assigned second order
upwind scheme.
3.8 MESH INDEPENDENCE
Five meshes were generated each containing a boundary layer around the blades, which will
increase the accuracy of droplet-wall interaction. The rest of the domain contained triangular
elements with the exception of the inlet zone; which contains coarser and quadrilateral elements.
Table 3.2 shows the number of elements that each contained as well as their respective pressure
ratio (P.R.) and the change in temperature results. Results obtained from the meshes generated
were compared to previous data obtained by Khan [4]. Mesh 2 and 4 obtained the results closest
to [4]. Mesh 4 was chosen, containing 182050 cells, for the simulation to be able to more
accurately track the droplets trajectory throughout the domain. Figure 3.4 shows the boundary
layer generation around the walls and the meshed domain.
Close attention should be paid when selecting the time step size, it should be small enough
so that a time step two or more times steps are needed to pass one mesh cell twice, especially
when considering case files with droplets involved. This will yield more accurate droplet
trajectory calculation once droplets enter the moving rotor. For cases with no droplets a time step
in this study was used to be 0.0002 s. For the overspray-reflect cases, the time step was reduced
to 0.00002 s.
Under-relaxation factors for pressure, momentum, turbulent kinetic energy, turbulent
dissipation rate, and discrete phase sources were reduced to 0.2, 0.5, 0.5, 0.5, and 0.1,
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respectively, to improve the stability of the calculations. The reduction of these values does not
influence the final prediction in the final converged state. [15]
Table 3.2: Mesh Independence
3

No. Elements (10 )
P.R.
ΔT (K)

[4]
88
1.055
5.55

1
133.6
1.067
6.05

2
49.9
1.066
6.03

3
29.8
1.068
6.16

4
182
1.065
6.02

5
403.6
1.069
6.14

(a) Complete meshed domain

(b) Boundary layer mesh on rotor blade

(c) Boundary layer mesh on stator blade

Figure 3.4: Generated Mesh of (a) complete domain, (b) rotor zone, and (c) stator zone
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Chapter 4: Results
The following sections will cover model validation, the simulations of the cases
generated will be discussed. Properties for the cases will be evaluated, such as pressure,
temperature, relative humidity, entropy, HTC, and OHTC.
4.1 MODEL VALIDATION
To validate the model generated in this study, pressure and temperature data of the baseline
case is compared to those obtained by Khan [4]. Table 4.1 contains a comparison of pressure
ratio and the temperature changes from the inlet of the geometry to the outlet of the geometry. It
is visible that the P.R. is very close to those obtained by Khan, which only vary with 0.95%
error. Even though the percent error it a bit high, 8.47% the difference is only of .5 K, which was
found to be acceptable.
In Figure 4.1, we can appreciate the contours of pressure. In this figure the baseline case
generated by [4] and the one generated by this study are compared. The case was ran with a
relative humidity of 60% and temperature inlet of 300K. Figure 4.1 (a) and (b) consists of
simulations done with no droplets and with overspray. The two top images are the pressure
contours of the baseline cases; the bottom images consist of the pressure contours for overspray
cases. Contours obtained by Khan and by this study are very similar in both baseline cases and
overspray cases. Low pressures are located in the suction side of the rotor and the highest
pressures are present in the leading edge of the blades. Even though the values of pressure do not
match up, when comparing pressure ratio in the inlet and outlet the simulations are very close, as
seen in Table 4.1.
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Table 4.1: Model validation - P.R. and temperature change comparison
Current model
Khan-Wang [4]
Percent error

P.R.
1.065
1.055
.95%

(a)

Δ T (K)
6.02
5.55
8.47%

(b)

Figure 4.1: Pressure contours for Baseline Case from (a) [4] and (b) this study
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4.2 BASELINE CASES
In the following section, the Baseline cases that were generated will be analyzed to find
the correlation between pressure temperature, relative humidity and entropy.
As explained previously baseline cases were generated varying inlet temperature, relative
humidity. Twelve baseline case simulations were ran for a time of 0.012 seconds; enough time
for the domain to contain compressible flow and steady state flow. The way that steady state was
established, monitors were generated at the blades to monitor their properties, especially HTC.
The stability of this property will be discussed further along this chapter.
4.2.1 Pressure
As seen in the previous section, the pressures contours come with close agreement to
those generated by [4]. As the humid air enters through the inlet, the moving rotor compresses
the air. We can see the increase in pressure as the flow reaches the outlet of the domain. The
lower pressures and higher pressures are present near the blades. Lower pressures are
concentrated in the suction side of the rotor/stator blades and the higher pressure are localized at
the leading edge of the blades and on the pressure side of the blades. The largest pressures
present in the domain are at the leading edges of the blades. On the other hand the lowest
pressures in the domain are present in the suction side of the rotor near the leading edge of the
blade. This can be appreciated in the contours of pressure for the baseline cases in Figure 4.2. In
Figure 4.2 there are four cases shown have the following properties: Tin = 300 RH = 0%, Tin =
300 RH = 100%, Tin = 320 RH = 0%, and Tin = 320 RH = 100%.
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(a) Tin = 300, Rh = 0%

(b) Tin = 300, Rh = 100%

(c) Tin = 320, Rh = 0%

(d) Tin = 320, Rh = 100%

Figure 4.2: Pressure contours – Baseline cases
4.2.2 Temperature
Temperature varies within the domain no more than 20 K. Lower temperatures are
similar to the pressure contours, the highest and lowest values of temperatures are localized
on the rotor and stator blades. On the leading edge of the suction side of the rotor blade is
where the lower temperatures are present, the highest temperature registered in the domain is
can be observed in the stator blade in the pressure side about the middle of the blade towards
the trailing edge. Figure 4.3 Shows the temperature contours of four cases, including: Tin =
300 RH = 0%, Tin = 300 RH = 100%, Tin = 320 RH = 0%, and Tin = 320 RH = 100%. It is
seen that at the same temperature, 300K or 320K, the maximum and the minimum
temperature seen in the domain are practically the same.
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(a) Tin = 300, RH = 0%

(b) Tin = 300, RH = 100%

(c) Tin = 320, RH = 0%

(d) Tin = 320, RH = 100%

Figure 4.3: Temperature contours – Baseline cases
4.2.3 Relative Humidity
In the Baseline cases, relative humidity of the continuous phase decreases as the flow
moves along the domain. There are areas within the domain in which the high relative humidity
is present at low pressures and vice versa. In Figure 4.4, four baseline cases are shown with the
following inlet conditions: Tin = 300 RH = 0%, Tin = 300 RH = 100%, Tin = 320 RH = 0%, and
Tin = 320 RH = 100%. Even though the contour colors are very similar, the ranges of these are
not, they vary greatly. For the cases with low relative humidity, the decrease in .3%. On the other
hand those cases with a 100% inlet relative humidity, the decrease is of almost 25%.
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(a) Tin= 300K, RH = 0%

(b) Tin= 300K, RH = 100%

(c) Tin= 320K, RH = 0%

(d) Tin= 320K, RH = 100%

Figure 4.4: Relative Humidity contours – Baseline cases
Relative Humidity and Pressure Ratio
In order to analyze the effects of relative humidity has on pressure ratio, an average
pressure was obtained at the inlet and outlet of the domain. The pressure ratio was calculated for
each case and was graphed along with relative humidity. As the cases were analyzed, it was
found that as the relative humidity imposed at the inlet increased, the pressure ratio decreased;
this can be seen in Figure 4.5.
These results are consistent with the theory and studies made prior. Previously described
in [1] that a compressor requires more work to get air at hotter temperature that air in ISO
conditions. Since in this model the rotation of the compressor was maintained constant, i.e.
providing the same amount of work to the compressor, the pressure ratio is decreased at higher
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temperature. Additionally at higher inlet temperature, the drop in pressure ratio with an increase
of relative humidity is more drastic at 320K than at 300K.

Relative humidity (%)

Pressure Ratio for Baseline Cases
100
80
60
40
20
0

320
300

1.042

1.044

1.046

1.048
1.05
1.052
Pressure Ratio

1.054

1.056

1.058

Figure 4.5: Pressure ratio obtained versus relative humidity
Relative Humidity and Temperature
The change in temperature was also extracted from all of the cases and plotted; this can be seen
in Figure 4.6. It is appreciable that the change in temperature between the inlet and outlet is
smaller as the relative humidity increases. The drop in temperature is more pronounced at inlet
temperature 320 than at 320K.
Temperature Change for Baseline Cases
6.4

dT (K)

6.2
6

300

5.8

320

5.6
0

20

40
60
Relative Humidity (%)

80

Figure 4.6: Temperature Change versus Relative Humidity
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4.2.5 Entropy Changes and Inlet Temperature
Entropy changes within the domain can be observed in Figure 4.7 for the baseline cases
with the following inlet conditions: Tin = 300 RH = 0%, Tin = 300 RH = 100%, Tin = 320 RH =
0%, and Tin = 320 RH = 100%. Overall the entropy increases as the flow flows through the
domain. In the cases where the inlet temperature is the same, the ranges of entropy do not vary
much with the relative humidity. In the baseline cases with an inlet temperature of 300K, the
entropy ranges between approximately 12.5J/kg-K to 43.65 J/kg-K. In the baseline case with an
inlet temperature of 320K the entropy ranges between 75J/kg-K to 110 J/kg-K. To better view
the small variation between cases, the Entropy increase was plotted and can be seen in Figure
4.8. All of the cases show changes in entropy between 5 J/kg-K to 5.5 J/kg-K.
(a) RH = 0%, Tin=300K

(b) RH = 100%, Tin=300K

(c) RH = 0%, Tin=320K

(b) RH = 100%, Tin=320K

Figure 4.7: Contours of Entropy – Baseline Cases
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Entropy Change (J/kg-K)

Baseline Cases
6
5
4
3
2
1
0

300
320
0

20

40
60
Relative Humidity (%)

80

100

Figure 4.8: Changes in entropy - Baseline cases
4.2.6 Flow Regimes
The inlet section of the domain maintains a constant velocity, as the flow enters the to the
rotor zone. Near the leading edge of the blade are the locations where the largest and smallest
velocity magnitudes are present. Velocity magnitude reached maximum of about 138.59m/s.
The velocity vectors of the complete domain can be observed in Figure 4.9. A close up of the
velocity vectors in the rotor and stator blade can be seen in Figure 4.10.

Figure 4.9: Vectors of Velocity Magnitude: Baseline Case Tin = 320, RH = 20%
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(a) Rotor Blade Zone

(b) Stator Blade Zone

Figure 4.10: Velocity Vectors - Close up of the rotor and stator zones
4.3 OVERSPRAY: REFLECT CASES
In the following section, the overspray - reflect cases that were generated will be
analyzed to find the correlation between pressure temperature, relative humidity and entropy.
As explained previously overspray cases were generated the in the same manner as the
baseline cases. Inlet temperature was varied as well as relative humidity with a constant mass
flow rate of water injected in the domain. Overspray case simulations were ran until reached
0.106 seconds; enough time for the domain to allow droplets to exit the domain and for the
properties to stabilize.
4.3.1 Pressure
Pressure contours for the reflect cases are very similar to those obtained by the baseline
cases. The flow exits the domain at a higher pressure as expected. Once again lower pressure and
the highest pressures are localized in the neat the leading edge of the blade. Figure 4.11 shows
the overspray cases with the following inlet conditions: Tin = 300 RH = 0%, Tin = 300 RH =
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100%, Tin = 320 RH = 0%, and Tin = 320 RH = 100%. The pressure has similar behavior as seen
in the baseline cases, as seen in Figure 4.11. However the pressure ratios of the cases do show
some variance from case to case, which will be discussed further along in the chapter.
(a) Tin = 300, RH = 0%

(b) Tin = 300, RH = 100%

(c) Tin = 320, RH = 0%

(d) Tin = 320, RH = 100%

Figure 4.11: Pressure Contours - Reflect Cases
4.3.2 Temperature
Due to the evaporation of the droplets the continuous phase begins to cool down at the
inlet especially where the droplets have traveled. This is why in the inlet zone there are sections
in which the flow is slightly cooler than the rest of the zone. As the droplets travel through the
domain the temperature is lowered as the droplets continue to evaporate. This is why the
contours of temperature seem slightly different from those formed by the baseline cases.
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(a) Tin = 300, RH = 0%

(b) Tin = 300, RH = 100%

(c) Tin = 320, RH = 0%

(d) Tin = 320, RH = 100%

Figure 4.12: Temperature Contours - Reflect Cases
4.3.3 Relative Humidity
Contours of relative humidity similar to those seen in temperature contours; however
where high temperature is present, then low relative humidity is seen in the humidity contours. In
the inlet zone lines of higher relative humidity are seen where the droplets have begun to
evaporate. As the continuous flow moves through the domain, with low relative humidity the
relative humidity increases. Cases with higher relative humidity at the inlet, relative humidity
increases in the inlet zone, concentrating at the suction side of the rotor blade, where most of the
droplets come in contact with. As the flow continues through the domain, the relative humidity
decreases creating a tail of low relative humidity leaving the stator blade trailing edge.
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(a) Tin= 300K, RH = 0%

(b) Tin= 300K, RH = 100%

(c) Tin= 320K, RH = 0%

(d) Tin= 320K, RH = 100%

Figure 4.13 Relative Humidity Contours - Reflect Cases
Relative humidity and Pressure
Pressure ratios for all of the overspray-reflect cases were compared. Similarly to the
pressure ratios obtained in the baseline cases, the overspray – reflect cases have the same
characteristics. At a higher inlet temperatures, the pressure ratio in the single stage suffers. Also
as the relative humidity is increased, the pressure ratio decreases at a higher rate when the inlet
temperature is 320K than 300K.
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Relative humidity (%)

Pressure Ratio for Reflect Cases
100
80
60
40
20
0

320
300

1.045

1.05

1.055
1.06
Pressure Ratio

1.065

1.07

Figure 4.14: Pressure ratio: Reflect cases
Relative Humidity and Temperature
To investigate the relation that temperature and relative humidity have, an area-weighted
average of the temperature at the inlet and at the outlet were obtained and plotted, as seen in
Figure 4.15. In this figure it is observable that the increase in temperature can be seen as the
relative humidity increases. Those points that appear to have a negative change in temperature
means that the average obtained at the outlet is lower than the average temperature seen in the
inlet. In the cases with a temperature inlet of 300K, the change in temperature passes zero
between the ranges of 40% to 60% of relative humidity. At a temperature inlet of 320K the
change of temperature does not increase above zero until after reaching 80% relative humidity.

dT (K)

Temperature Change for Overspray Case:
Reflect Boundary Conditions
8
4
0
-4
-8
-12
-16

300
320
0

20

40
60
Relative Humidity (%)

80

Figure 4.15: Temperature change versus relative humidity
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4.3.4 Entropy Change with Droplets
The changes in entropy are more drastic than those seen from the baseline cases. With the
evaporation occurring in the domain, it is appreciable that the entropy is reduced as the flow
advances from the inlet to the outlet. This can be observed in the Figure 4.16 below. At lower
relative humidity, the changes in entropy are more pronounced. As the humidity increases the
changes in entropy decreases; this is due higher amounts of water vapor are present in the
continuous phase and the droplet effect is lowered.

Entropy Change (J/kg-K)

Overspray Cases: Reflect
0
-10
-20
-30

300

-40

320

-50
-60
0

20

40

60

80

100

Relative Humidity (%)

Figure 4.16: Entropy change versus relative humidity
4.4 DROPLETS
In the following section, effects droplet behavior will be analyzed in detail. Topics such
as including droplets temperature, diameter decrease, droplet coalescence/breakup, and
evaporation will be discussed. The diameter of the droplets that were injected in to the domain is
1.00E-05m, at a temperature of 294.2K.
4.4.1 Droplet diameter: Coalescence, breakup, and evaporation
In order to evaluate if a droplet has coalesced, experienced break-up or have evaporated,
the droplet diameter is analyzed in this section. In the figure below, droplet distribution can be
seen throughout the domain. Each dot depicts a parcel, which is a group of droplets that have
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been grouped together for computational purposes. Figure 4.17 for the case with in inlet
condition of 320K and a relative humidity of 0%.

Figure 4.17: Reflect case: Droplets diameter
In Table 4.2 and Table 4.3 are the maximum and minimum droplet diameter were
obtained for every case. The sample of droplet diameters was obtained at time 0.106s. From
these results, it is obvious that at the relative humidity increases, the size of the minimum
diameters found in the domain increase. This is because of the amount of vapor present in the
domain increases and the evaporation rate decreases. In the case that has an inlet temperature of
320K and a relative humidity of 100% there appears to be no droplets evaporation, however this
is misleading. It was observed above that droplet evaporation must have occurred to presence the
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increase in relative humidity, however the evaporation was so little that Fluent software rounded
off the diameter to the closest value; which was the injection value.
By inspection of the Figure 4.17, Figure A-1, Figure A-2, Table 4.2, and Table 4.3, it is
visible that coalescence occurred. Any droplet present with a diameter higher than the one
injected indicates that the droplet coalescence has occurred and has generated a droplet with a
larger diameter.
Droplet break up is the most difficult to monitor, especially from the plots shown in
Figure A-1 and Figure A-2. Further research showed that a weber number of 6 is the critical
weber number for breakup of droplets [21]. In the FIGURE 4.18 the liquid weber number for the
four injection sites are plotted. If any breakup is occurring, this figure can provide an
approximation of where the breakup is occurring. The larger values of Weber number are located
at the leading edges of the rotor and the stator. Higher Weber Numbers are present at the
injections site due to the large relative velocity between the droplets and the continuous phase, as
seen in Figure 4.19.
Table 4.2: Droplet Diameter Range: Tin = 300K
RH
Maximum
Diameter (m)
Minimum
Diameter (m)

0%

20%

40%

60%

80%

100%

1.67E-05

1.69E-05

1.70E-05

1.81E-05

1.71E-05

1.91E-05

9.45E-06

9.56E-06

9.69E-06

9.79E-06

9.86E-06

9.94E-06

Table 4.3: Droplet Diameter Range: Tin = 320K
RH
Maximum
Diameter (m)
Minimum
Diameter (m)

0%

20%

40%

60%

80%

100%

1.77E-05

1.69E-05

1.70E-05

1.71E-05

1.71E-05

1.71E-05

9.12E-06

9.40E-06

9.60E-06

9.81E-06

9.94E-06

1.00E-05
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Figure 4.18: Droplet Weber number – Reflect case Tin=320, RH = 100%

Figure 4.19: Droplet weber number within domain.
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4.4.2 Droplet temperature versus Time
Droplets once in the domain have an interesting behavior. In some of the cases, droplets
temperature decreases and it approaches the rotor. Minimum and maximum values of
temperature were extracted onto Table 4.4 and Table 4.5. Here several of the minimum
temperatures of the droplets drop below the injection temperature of the domain. Since all of the
droplets were injected at the same location, with a size of 1.00e-05 m and a temperature of
294.2K, the change in temperature must be due to the changes applied to the relative humidity
and the inlet temperature. To further analyze these changes, droplet temperature at time equal to
0.106s was extracted for all of the overspray-reflect cases; seen in the appendix Figure A-3 and
Figure A-4. In these figures, dots vary in color to depict the four different streams that were
injected into the domain. The data represents the temperature of the droplets after certain
residence time in the domain.
Table 4.4: Droplet temperature range Tin = 300K
RH
Maximum
Temperature (K)
Minimum
Temperature (K)

0%

20%

40%

60%

80%

100%

293.02

293.376

293.717

295.617

297.932

300.229

282.383

286.101

288.936

292.05

294.382

294.383

Table 4.5: Droplet temperature range Tin = 320K
RH
Maximum
Temperature (K)
Minimum
Temperature (K)

0%

20%

40%

60%

80%

100%

293.827

300.157

307.037

312.007

316.538

319.903

289.64

294.847

295.257

295.257

295.248

295.267

To continue to evaluate the residence time and the droplets changes, Figure 4.21 shows
droplets within the computational domain colored by the particle’s residence time in the domain,
this particular case shown has an inlet temperature of 320K and a relative humidity of 0%. This
allows us to relate the times in Figure A-1, Figure A-2 and Figure 4.20 to the droplets relative
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position. Initially the temperature of the droplets is equal to that was applied at the injection sites.
In the overspray-reflect cases with an inlet temperature of 300K, it is not after 80% relative
humidity that the droplet temperature does not decrease below the injection temperature. Cases
with an inlet temperature of 320K, before reaching a relative humidity of 20%, droplet
temperature does not decrease below the injection temperature.

Figure 4.20: Droplets colored by residence time
The initial drop in temperature seen in some of the reflect cases is caused by the wet bulb
temperature that changes with relative humidity. By close observation, the lowest values of
temperature seen in Table 4.4 and Table 4.5 correspond to the values of wet bulb temperature, in
Table 4.6. Small deviations of this value are found can be attributed to the change in pressure
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that is occurring within the domain. Since the psychrometric chart used, Figure A-5 and Figure
A-6 assumes that the pressure is atmospheric pressure at sea level and within our domain the
pressure varies. In Table 4.7, the low and high extreme pressures were noted. Also the difference
between the lowest/highest pressure and sea level pressure were recorded of all of the overspray
cases was recorded. The largest pressure difference from sea level atmospheric pressure
experienced, underlined value, was a pressure drop of about 13.6kPa.
Table 4.6: Wet bulb Temperature [22] [23]
Tin (K)

Tdb (°C)

300

26.85

320

46.85

RH (%)
0
20
40
60
80
100
0
20
40
60
80
100

Twb (°C)
9.0
13.6
17.5
21.0
24.1
26.9
16.8
26.2
33.1
38.5
43.0
46.9

Twb (K)
282.2
286.8
290.8
294.3
297.3
300.1
290.0
299.4
306.3
311.8
316.3
320.1

Table 4.7: Pressure deviation from Sea level
Tin (K)

300

320

RH
(%)
0
20
40
60
80
100
0
20
40
60
80
100

PSY. Chart

Lowest Press. (Pa)

101325
101325
101325
101325
101325
101325
101325
101325
101325
101325
101325
101325

90337.1
90385.5
90423.4
90269.6
90257.1
90180.2
89251.3
88984
88748.7
87729.7
88535.3
88269.2
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Highest
Press. (Pa)
104306
104411
104367
104390
104436
104429
104549
104065
104579
104583
104765
104664

ΔLow
(Pa)
10987.9
10939.5
10901.6
11055.4
11067.9
11144.8
12073.7
12341
12576.3
13595.3
12789.7
13055.8

ΔHigh
(Pa)
2981
3086
3042
3065
3111
3104
3224
2740
3254
3258
3440
3339

4.5 BASELINE VERSUS REFLECT CASES
When comparing baseline cases with those in the reflect cases distinct changes in
pressure ratio, temperature, entropy, and relative humidity are experienced.
4.5.1 P.R. Changes: Case Comparison
When pressure ratio is compared between the baseline cases and the overspray: reflect
cases, there is a slight advantage. A seen in the figure below, the pressure ratio is increased in
both cases with inlet temperatures of 300K and 320K; thanks to the overspray.
Additionally, the pressure drop experienced when the relative humidity increases, varies
with inlet temperature and if droplets are in the domain. If there is no evaporative cooling
implemented, the decrease in pressure between relative humidity is smaller.

Pressure Ratio Comparison

Relative humidity (%)

100
80
60

40
20
0
1.04

1.045

Baseline-320

1.05

1.055
Pressure Ratio

Baseline-300

1.06

Reflect-320

1.065

Reflect-300

Figure 4.21: Comparison pressure ratio with different Tin and RH
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1.07

4.5.2 Temperature Variation: Case Comparison
Looking into temperature changes between the inlet and the outlet of the domain, the trends
change with relative humidity and with the injection of droplets. The baseline cases have a
decrease in temperature change as relative humidity increases. On the other hand due to the
droplet injections, the overall trend for the Reflect cases show an increase in temperature change,
with respect to relative humidity. In both baseline and reflect cases, at higher temperature the
change in temperature between the inlet and the outlet is below the lower temperature.
Temperature Change Comparison

8
6
4
2

dT (K)

0
-2

Baseline - 300

-4

Baseline - 320
Reflelct - 300

-6

Reflect - 320

-8

-10
-12
-14
0

20

40
60
Relative Humidity (%)

80

100

Figure 4.22: Temperature Change versus Relative Humidity: Case Comparison
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4.5.3 Entropy Difference: Case Comparison
The difference between the changes in entropy varies greatly with the injection of
droplets into the domain, for the baseline cases, the entropy level was maintained close to a value
of 5 J/kg-K. On the other hand, the overspray-reflect cases see a reduction of entropy, indicated
by the negative values. It is visible that the decrease in entropy is greater in elevated
temperatures; this is caused because the initial value of entropy is greater at higher temperatures,
and the droplets and droplets evaporation lower these values.

Entropy Change (J/kg-K)

Entropy Change: Case Comparison
10
0
-10
-20
-30
-40
-50
-60

Baseline-300
Baseline-320
Reflect-300
Reflect-320
0

20

40
60
Relative Humidity (%)

80

100

Figure 4.23: Entropy changes with Relative Humidity: Case Comparison
4.6 HEAT TRANSFER COEFFICIENT
The heat transfer within this domain can be subdivided into 3 sections: the heat transfer
between the blades and the continuous phase, the heat transfer between the blades and the
droplets, and the heat transfer between the droplets and the continuous phase. To analyze the
heat transfer and evaluate the heat transfer coefficient, the heat transfer between the blades and
the continuous phase and the droplets will be combined. The average of the heat transfer
coefficient can be extracted along the blades. To evaluate the heat transfer coefficient between
the droplets and the continuous phase, the heat exchange between these can be extracted and
calculated using equation (41). With these two HTC, the OHTC can be calculated using equation
(42).
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The following sections will discuss the results obtained for the heat transfer coefficient at
the blades, as well as the heat transferred between the droplets and the continuous phase.
4.6.1 Baseline cases
The heat transfer coefficient of the blades are obtained in this section. It takes several
time steps to generate accurate results. The absolute value for the heat transfer coefficient was
utilized for these values. An analysis of the HTC on the rotor and stator blade was completed and
explained in the further along.
Blade HTC Stabilization
The average HTC was obtained at every time step. In the figure below, HTC variation for
the rotor blade and the stator blades are shown. The initial spikes shown in the rotor are due to
the instabilities in the model. During a simulation the computational domain is initialized at
some reference values. While the calculation proceeds and gets closer to the correct solution,
changes in the properties will cause these spikes in the HTC plots. This is why the average is
calculated once the simulation has stabilized. From the Figure 4.24 it is visible that the
stabilization on both blades occurs after 0.008 seconds. For all of the baseline cases an average
of HTC was taken between 0.008 s to 0.012 s.

HTC (W/m2-K)

HTC at Rotor and Stator
400
350
300
250
200
150
100
50
0

Rotor
Stator

0

0.002

0.004

0.006
Time(s)

0.008

0.01

0.012

Figure 4.24: HTC versus time: Baseline case - Tin = 300K and RH = 80%
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Rotor Blade HTC
The average HTC and the standard deviation for the rotor blades are shown in Table 4.8.
The average value for the rotor blade are very close to zero. However, the changes in the HTC
varied as time progressed. It is hypothesized that this variation is due to the moving rotor blade,
as the blade moved, small variations in pressure and temperature cause the variation in the HTC.
Plots of the HTC raw data extracted from the time range selected can be seen in Figure A-7.
Table 4.8: Rotor Average HTC – Baseline Case
Temperature (K)

300

320

HTC (W/m2-K)
Rotor
Standard Deviation
4.496864
4.392609
2.876599
2.37552
3.598261
4.849812
3.07844
2.487898
3.064215
2.715179
3.682094
3.43315
3.096211
2.280884
4.111464
3.817512
4.823001
3.813057
3.156859
2.826841
3.914536
3.092979
4.110181
2.808711

RH (%)
0
20
40
60
80
100
0
20
40
60
80
100

In Figure 4.25 below, the average HTC and the standard deviation was plotted for all of
the baseline cases for the rotor blade. Initially a sinusoidal relation between HTC and time could
be generated due to the cyclic tendency of the system, however since all of the baseline cases
were initialized at the same position, and no apparent relationship is visible from Figure A-7 this
possibility was set aside. Additionally, From Figure 4.25 and Table 4.8 it is visible that as the
both at higher and lower relative higher values of HTC are present. Additionally, for the most
part, HTC values stay between 2.87- 4.823 W/m2-K.
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HTC (W/m2-K)

Baseline Case: Rotor Blade
10
9
8
7
6
5
4
3
2
1
0

Figure 4.25: Rotor blade HTC with Standard Deviation – Baseline Cases
Stator Blade HTC
Similarly to the rotor blade, the stator blade average was created and the standard
deviation was calculated and are shown in Table 4.9. Most of the HTC values are larger in value
that those obtained for the rotor. The values range from 3.82 to 8.6 W/m2-K. Also the standard
deviation varies between 3 to 6.66 W/m2-K. The larger values of HTC can be attributed to the
rotor movement. As the rotor moves, the stator pressure side has receives varied velocity and
temperatures, unlike the rotor blade which receives a constant flow velocity and temperature. In
Figure A-8 the data obtained from the baseline cases are shown. In Figure 4.26, the stator blade
averages for the baseline cases were plotted along with their standard deviation. The stator blade
HTC values do not follow the same trend of the rotor. In General the majority of the cases with
an inlet temperature of 300K experience a slightly lower HTC than those experienced by the
cases with inlet temperature of 320K. This is reasonable because due to the low temperatures
brought into the domain by the droplets, there are greater temperature range within the domain,
increasing the heat transfer.
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Table 4.9: Stator Blade – Average HTC
Temperature (K)

300

320

HTC (W/m2-K)
Stator blade average
Standard Deviation
6.940144
6.666344
5.994821
3.902645
5.96124
4.417786
5.470629
4.719934
5.52165
3.498594
3.81997
3.046761
7.077831
5.076537
6.514744
3.980371
7.817606
5.721294
5.957112
4.501583
8.600705
6.051645
7.161425
4.481955

RH (%)
0
20
40
60
80
100
0
20
40
60
80
100

Baseline Case: Stator Blade
16
14

HTC (W/m2-K)

12
10

8
6
4
2
0

Figure 4.26: Stator Blade HTC with standard deviation – Baseline cases
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4.6.2 Overspray - Reflect cases
Blade HTC stabilization
After the baseline cases became stabilized, at 0.012s, the droplets were injected. After the
droplets were injected the average began to be taken after 0.02 s. this is how long it takes
approximately for the HTC value to become stabilized, as seen in Figure 4.27 The average HTC
for these cases were taken from 0.02s to 0.106s.

HTC (W/m2-K)

HTC Stabilization Case: 300K-0%

500
450
400
350
300
250
200
150
100
50
0
0.012

0.014

0.016

0.018

0.02
0.022
Time (s)
Rotor

0.024

0.026

0.028

0.03

Stator

Figure 4.27: HTC stabilization – Overspray-Reflect cases
Rotor blade HTC
In Table 4.10 the average values of HTC for the rotor blade are presented along with the
standard deviation. In Figure 4.28 the same data is plotted for visualization purposes. For these
cases there seems to be a trend with relative humidity. As the relative humidity increases, the
standard deviation decreases. Recalling from a previous section when a comparison was done to
the overspray-reflect cases comparing changes in temperature and relative humidity, the
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temperature change varies from a temperature drop to a temperature increase from the inlet and
outlet conditions, as the relative humidity increases. Since the rotor is the blade that directly
receives low temperatures from the droplets, this is why the deviation is so large.
Table 4.10: Rotor Blade - Average HTC
Temperature (K)

300

320

HTC (W/m2-K)
Rotor Blade Average
Standard Deviation
81.51558
80.46067
54.51158
47.67887
57.11025
51.99317
53.38822
49.17867
45.64666
43.72657
43.12235
41.98614
22.31808
22.67844
15.38055
14.99546
11.73049
11.12451
9.403103
9.371903
7.826462
6.679106
7.08622
7.116344

RH (%)
0
20
40
60
80
100
0
20
40
60
80
100

HTC (W/m2-K)

Reflect Wall Boundary: Rotor Blade
180
160
140
120
100
80
60
40
20
0

Figure 4.28: Rotor blade HTC with standard deviation – Reflect cases
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Stator blade HTC
In Table 4.11 the average values of HTC are noted along with their standard deviation.
These set of values have large deviation because of the presence of droplets within the domain.
As the droplets enter the stator zone, the droplets tend to stay close to the pressure side of the
blade. Even though the droplets are set to reflect off the surface blade, the lowered temperatures
present implemented by the droplet gives the positive HTC, where the blade temperature is
larger than the temperature of the continuous phase. In Figure 4.29, the average HTC for the
stator blade in the overspray – reflect cases are shown along with their standard deviation. For
the cases in which the lower inlet temperature, higher HTC values appear between the range of
20% to 60% relative humidity, where at a relative humidity of 0%, 80%, and 100% the HTC is
reduced on this blade. When the inlet temperature is increased, the HTC has a different behavior;
The HTC and its standard deviation increases as the relative humidity increases.
Table 4.11: Stator Blade - Average HTC
Temperature (K)

RH (%)

300
300
300
300
300
300
320
320
320
320
320
320

0
20
40
60
80
100
0
20
40
60
80
100

HTC (W/m2-K)
Stator Blade Average
Standard Deviation
85.86562838
84.79798
198.9992496
96.24586
208.8655681
86.67676
215.705811
93.55939
172.1146874
87.97441
113.8217118
81.1145
12.26993603
33.48726
16.29012294
26.80374
30.80008011
38.95367
42.20594509
49.1744
65.15289622
66.38246
98.85927089
89.15541
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Reflect Case: Stator Blade
350

HTC (W/m2-K)

300
250
200

150
100
50
0

Figure 4.29: Stator blade HTC with standard deviation – Reflect cases
Droplet-Continuous phase heat transfer
To calculate the heat transfer coefficient that occurs between the continuous phase and
the droplets, several parameters needed to be obtained. For the overspray cases the average
Surface area per droplet was extracted (m2), the number of droplets within the domain, the
amount of heat transferred between the droplets and the continuous phase (W) and the initial
temperature of the droplets (Tdroplet) and the average temperature of the domain (TA.D.). Also the
droplet surface diameter (S.D) was extracted to calculate the droplet surface area. In Table 4.12,
the calculated values of the HTC between the droplet and the continuous phase (HTCD.C.) are
shown. The greatest value of HTC is seen is in the case with an inlet temperature of 300 and
relative humidity close to 0%.At both inlet temperatures, after a high initial HTC the values drop
exponentially, seen in Figure 4.30. Due to the low amounts of water vapor in the continuous
phase, the changes in temperature are the highest and the wet-bulb temperature is the lowest.
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Table 4.12: HTC – Droplets-Continuous phase
Tin
(K)

300

320

RH
(%)
0
20
40
60
80
100
0
20
40
60
80
100

Tdroplet
(K)
294.2
294.2
294.2
294.2
294.2
294.2
294.2
294.2
294.2
294.2
294.2
294.2

Drop S.D.
(m)
1.04E-05
1.04E-05
1.06E-05
1.06E-05
1.07E-05
1.06E-05
1.03E-05
1.05E-05
1.04E-05
1.05E-05
1.05E-05
1.06E-05

TA.D. (K)
295.5
296.86139
298.2067
299.1235
300.40921
301.02444
310.30362
313.27032
315.50739
317.19196
318.07034
318.1864

NO.
Droplets
7.41E+08
7.50E+08
7.30E+08
7.38E+08
7.19E+08
7.28E+08
7.09E+08
6.92E+08
7.21E+08
7.12E+08
7.10E+08
6.99E+08

Q (W)
31388.28
25776.93
19598.65
13726.27
9136.948
5676.816
53510.75
39084.1
28093.74
20100.31
13838.13
11973.49

HTCD.C.
(W/m2-K)
3.13E+00
1.24E+00
6.34E-01
3.57E-01
1.92E-01
1.07E-01
4.56E-01
2.83E-01
1.75E-01
1.16E-01
7.74E-02
6.75E-02

HTCD.C. versus Relative Humidity
3.500

HTCD.C. (W/m2-K)

3.000
2.500
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1.500

320
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0
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60

80
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Figure 4.30: HTCD.C. versus Relative Humidity
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4.6.4 Case comparison
The following section will describe the OHTC was calculated, and how it varies between
baseline cases and the overspray - reflect cases.
OHTC Comparison
The OHTC was calculated using equation (42). Figure 4.31 contains the obtained values
of OHTC for both baseline cases and overspray-reflect cases. The. Tables 4.13 and Table 4.14
contain the values obtained for each of the reflect cases. As seen in Figure 4.31, the highest
HTC obtained at an inlet condition of 300K for the overspray case. The case that experiences a
higher HTC in the overspray cases with an inlet temperature of 320K. A large jump can be seen
between these two cases. This can be due to the larger temperature changes experienced in the
domain. During the 300K temperature inlet, the wet bulb temperature is at its lowest for the
tested cases. This creates the larger temperature difference than that experienced in the overspray
case with an inlet temperature of 320K.

OHTC (W/m2-K)

OHTC - Case Comparison
50
45
40
35
30
25
20
15
10
5
0

Baseline-300K
Baseline-320K
Reflect-300K
Reflect-320K

0

20

40
60
Relative Humidity (%)

80

Figure 4.31: OHTC Case comparison
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Table 4.13: OHTC: Baseline cases
RH

Inlet Temp.
0
20
40
60
80
100
0
20
40
60
70
100

300

320

Rotor-HTC
4.496863677
2.87659916
3.598260904
3.078439905
3.064215175
3.682094176
3.096210521
4.111464397
4.823000977
3.15685864
3.914536197
4.110181029

Stator-HTC
6.940144
5.994821
5.96124
5.470629
5.52165
3.81997
7.077831
6.514744
7.817606
5.957112
8.600705
7.161425

OHTC
2.728762832
1.94384849
2.243851069
1.969922405
1.970625419
1.874882467
2.153957679
2.520667487
2.982793607
2.063399242
2.690141603
2.611407143

Table 4.14: OHTC – Overspray – Reflect Case
Tin

300

320

RH (%)
0
20
40
60
80
100
0
20
40
60
80
100

Rotor
81.51558
54.51158
57.11025
53.38822
45.64666
43.12235
22.31808
15.38055
11.73049
9.403103
7.826462
7.08622

HTC
Stator

Droplet HTC (W/m -K)

OHTC
(W/m2-K)

101.5178

2.40E+04

45.1269

199.021323

9.46E+03

42.5985

208.897145

4.78E+03

44.4320

215.907779

2.69E+03

42.1331

172.868336

1.43E+03

35.2201

116.4031

8.04E+02

30.2809

21.4416255

3.54E+03

10.9018

21.789112

2.15E+03

8.9785

34.0407689

1.34E+03

8.6677

46.4164525

8.78E+02

7.7500

69.6665311

5.84E+02

6.9523

103.09968

5.08E+02

6.5451
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Preliminary Film results
Earlier in the study, the interest in droplet wall interaction was stated. Preliminary results
of the single stage compressor model with a droplet wall interaction of film are very interesting.
Under the reflect droplet-wall interaction the largest values of HTC for the rotor and the stator
blades was 491.465 W/m2-K and 490.261 W/m2-K respectively. In a short time of 0.002 seconds
the rotor experienced high values of HTC above 500 W/m2-K. This preliminary result show that
the film may produce a higher OHTC. Additionally with these results there are signs of cyclic
behavior, having peaks of HTC within approximately 0.0002s.

Film - HTC Stabilization
700
HTC(W/m2-K)

600
500
400
300
200
100
0
0.0136

0.0141

0.0146
Time (s)
Rotor

0.0151

0.0156

Stator

Figure 4.32: Preliminary HTC results using droplet-wall interaction of film
HTC Repeatability
A quick study was created to verify obtained values of average HTC were repeatable. In
Table 4.15 the values of HTC and Standard deviation are included. As seen in the last row of the
table, the HTC for the two cases show 0 deference in the HTC for the baseline cases.
Considering the large standard deviation the differences in the rotor and stator HTC for the
reflect cases, the difference between the two attempts are minimal.
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Table 4.15 Average HTC Repeatability Study (Tin = 300K, RH = 0%)
Try
No.
Try 1
Try 2

Rotor
HTC
4.497
4.497
0

HTC - Baseline Case
Stator
Rotor
St. Dev.
St. Dev.
HTC
HTC
4.393
18.927
23.889
81.516
4.393
18.927
23.889
79.172
HTC Average Difference
0
2.344
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HTC - Reflect case
Stator
St. Dev.
HTC
80.461
101.518
76.966
102.071
0.553

St. Dev.
65.246
66.601

Chapter 5: Concluding Remarks
In this study a single stage compressor was analyzed to find the effects in which relative
humidity, inlet temperature, droplet-wall interaction, and wet compression has on the overall
heat transfer coefficient.
The main objectives of this study were to generate a model, using ANSYS: Fluent, that
generated accurate results for a single stage compressor. Also the effects of relative humidity,
inlet temperature, and the presence of droplets in the domain were investigated. Additionally the
effects of wall-droplet interaction were investigated to see if the wall-droplets interaction has an
effect in the OHTC of the system. Three categories of models were generated, baseline,
overspray-reflect and overspray-film. In the baseline cases and the overspray cases generated
each contained either an inlet temperature of 300K or 320K. Also the cases varied with relative
humidity from close to 0% to 100%. Only one overspray-film case was created with in inlet
temperature of 300K and 60% relative humidity.
The model was generated accurately and matched results previously obtained by [4].
Pressure ratio and changed in temperature matched within a reasonable margin. Pressure ratio
changes between the baseline cases and the reflect cases were obvious. The reflect cases
generated higher pressure ratios than the baseline cases. Also both the baseline and the
overspray-reflect cases increased in pressure ratio as the relative humidity at the inlet decreased.
Temperature changes between the baseline and overspray-reflect cases were distinct. The
changes in temperature were small and decreased lightly as the relative humidity increased. In
the overspray-reflect cases the changes in temperature had a positive trends. As is was seen that
at lower relative humidity, the outlet temperature was lower than the inlet temperature, yielding
negative temperature changes.
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Entropy change displayed significant differences between baseline and reflect cases. In
the baseline cases entropy changes were minimal. In the overspray-reflect cases, entropy drop
between the inlet and outlet was obvious and the drop was less dramatic as the relative humidity
increased. The drop in entropy is attributed to the presence of droplets and the cooling of the
continuous phase with water vapor.
HTC of the blades show large variations expressed as deviations earlier in this work.
Even though it was not investigated further, it is feasible that the HTC of the blades have a
relationship with the blade position. OHTC also had a reasonable variation between the
overspray-reflect and the baseline cases. In the baseline cases the rotor and stator HTC did not
change significantly as the relative humidity and inlet temperature were varied; thus maintaining
the OHTC between 1.5 and 3 W/m2-K. In the reflect cases, due to the droplet heat exchange all
of the OHTC were all larger than the OHTC of the baseline cases. The most common trend for
the overspray-reflect cases is that the OHTC reduced as the relative humidity increased at both
high and low inlet temperatures. In order to fully establish that the wall-droplet interaction has a
significant effect on the OHTC more research should be conducted. Further research should be
implemented to further verify the HTC magnitudes.
Some options for future work will be to run more simulations on the overspray-film
category to further analyze the effects that film has on the OTHC with different inlet properties.
Additionally, a three dimensional model may be of interest to investigate, and see if two
dimensional and three dimensional models yield similar results; whether the three dimensional
investigation is worth the computational power used. Also this study can be extended to include
several compressor stages and how they are affected in terms of heat transfer. Also, further
investigation of cyclic behavior of heat transfer coefficient on the blades and investigate the

79

effects of the OHTC and a relationship with the blade position, inlet temperature and relative
humidity. Further analysis of the film generation should be done to verify the physics of film
generation.
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Appendix

(a) RH = 0%, Tin = 300K

(b) RH = 20%, Tin = 300K

(c) RH = 40%, Tin = 300K

(d) RH = 60%, Tin = 300K

(e) RH = 80%, Tin = 300K

(f) RH = 100%, Tin = 300K

Figure A-1: Droplet diameter versus time – Tin = 300 K
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(g) RH = 0%, Tin = 320K

(h) RH = 20%, Tin = 320K

(i) RH = 40%, Tin = 320K

(j) RH = 60%, Tin = 320K

(k) RH = 80%, Tin = 320K

(l) RH = 100%, Tin = 320K

Figure A-2: Droplet diameter versus Time - Tin = 320K
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RH = 0%, Tin=300K

RH = 20%, Tin=300K

RH = 40%, Tin=300K

RH = 60%, Tin=300K

RH = 80%, Tin=300K

RH = 100% Tin=300K

Figure A-3: Droplet temperature versus time (Tin=300K)
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RH = 0%, Tin=320K

RH = 20%, Tin=320K

RH = 40%, Tin=320K

RH = 60%, Tin=320K

RH = 80%, Tin=320K

RH = 100%, Tin=320K

Figure A-4: Droplet temperature versus time (Tin=320K)
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Figure A-5: Psychrometric Chart No. 1 [22]
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Figure A-6: High Temperature Psychometric chart [23]
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Figure: A-7: HTC Baseline Cases - Rotor blade
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Figure: A-8: HTC Baseline Cases - Stator blade
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